Epidermal cells of Drosophila form a variety of polarized structures during their differentiation. These polarized structures include epidermal hairs, the shafts of sensory bristles, larval denticles and the arista laterals. The arista is the terminal segment of the antenna and consists of a central core and a series of lateral extensions. Here we describe the cellular mechanisms involved in the development of the arista and the morphogenesis of the laterals. We found that the development of the arista is a complex process that involves coordinated cell shape changes, elongation of the central core, apoptosis, nuclear migration, the formation of polyploid cells and the outgrowth of the laterals. This developmental program is highly conserved in the development of the arista in the house¯y (Musca domestica). Altering arista cell number in Drosophila by stimulating or inhibiting apoptosis results in an altered number of laterals. Interestingly, the increased number of laterals that result from the inhibition of apoptosis in Drosophila results in an arista whose morphology is reminiscent of the Musca arista. Previous experiments have shown that both the actin and microtubule cytoskeletons have important functions in the cellular morphogenesis of hairs and bristles. Inhibitor studies reported here show that this is also the case for the formation of the arista laterals, arguing that the actin and microtubule cytoskeletons have similar functions in the morphogenesis of all of these cell types. We conclude that the arista laterals are a valuable complementary cell type system for studying the morphogenesis of polarized cellular extensions in Drosophila. q
Introduction
The adult cuticular surface of Drosophila is decorated with large numbers of polarized cuticular structures. The most common are the hairs (trichomes) produced by large numbers of epidermal cells and the shafts of the bristle sense organ. The differentiation of both of these types of cuticular structures has been a topic of great interest in recent years. While there are differences in many aspects of their development, the cytoskeleton has been shown to play a key role in the morphogenesis of both (Eaton et al., 1996; Eaton, 1997; Tilney et al., 2000b; Turner and Adler, 1998) .
Epidermal hairs cover much of the surface of the adult¯y but their development has principally been studied on the wing. Each pupal wing cell produces a single long epidermal hair that is formed in the vicinity of the distal most vertex of these typically hexagonally shaped cells (Wong and Adler, 1993) . The restriction of hair morphogenesis to the vicinity of the distal vertex is under the control of the frizzled tissue polarity pathway (Wong and Adler, 1993; Shulman et al., 1998) . Restricting hair formation to a small part of the cell ensures that each wing cell produces a single hair. In some other regions of the body epidermal cells form more than one hair. Growing hairs contain large amounts of F-actin and tubulin, with the tubulin being more centrally located (Turner and Adler, 1998; Eaton et al., 1996) . The growing hairs also stain strongly for phosphotyrosine (P.N. Adler, unpublished data), perhaps a re¯ection of extensive connections between the plasma membrane and the actin cytoskeleton.
The sensory bristle organs typically contain four cells. The cell that forms the bristle shaft (trichogen cell) is polyploid and larger than the neighboring epidermal cells. The growing bristles contain large bundles of F-actin that are closely juxtaposed to the plasma membrane (Tilney et al., 1995 (Tilney et al., , 1996 (Tilney et al., , 2000b . The thoracic microcheatae contain 7± 11 large actin bundles. The growing bristles also contain centrally located microtubules.
The larval cuticle is decorated with bands of denticles that have served as convenient markers in many studies on the patterning of the body plan and segmentation (NussleinVolhard and Wieschaus, 1980) . Growing denticles also stain strongly for F-actin (Dickinson and Thatcher, 1997) .
The morphogenesis of hairs, bristles and denticles share a number of common features that relate to the prominent function of the cytoskeleton in their development. Mutations in a number of genes that encode actin interacting proteins result in morphological abnormalities in several or all of these cuticular structures. For example, mutations in the actin bundling proteins encoded by the singed (sn) (fascin) and forked ( f ) genes result morphological phenotypes in hairs, bristles and denticles (Dickinson and Thatcher, 1997; Tilney et al., 1995 Tilney et al., , 2000b Petersen et al., 1994; Cant et al., 1994; Bryan et al., 1993) . The principal abnormality is a bent shape, although f and sn mutant bristles are also shorter and rarely split. Mutations in crinkled (ck), which encodes a myosin VII also produces abnormal hairs and bristles (Gubb et al., 1984; Ashburner et al., 1999; Turner and Adler, 1998; Kiehart, personnel communication) . ck mutations result in short, fat and sometimes slightly bent hairs and bristles (Turner and Adler, 1998; Gubb et al., 1984) . The splitting of bristles and the clustering and splitting of hairs are also seen in ck mutants. A somewhat different phenotype is seen in mutants for tricornered (trc), which encodes the Drosophila NDR (nuclear DBF2-related) kinase (Geng et al., 2000) . Hairs, bristles and denticles are often dramatically branched in trc mutants (Geng et al., 2000) . They differ from the hairs and bristles seen in ck mutants in that trc hairs and bristles do not routinely appear short and fat.
Drugs that inhibit the function of the actin and microtubule cytoskeletons perturb the morphogenesis of both hairs and bristles (Turner and Adler, 1998; Tilney et al., 2000a; Geng et al., 2000) . Treatment with inhibitors of actin polymerization, such as cytochalasin D delays the initiation of hair and bristle outgrowth (Geng et al., 2000; Turner and Adler, 1998) . The rate of elongation is also slowed when actin polymerization is inhibited (Turner and Adler, 1998; Geng et al., 2000; Tilney et al., 2000a) . In addition to slowing the growth of hairs and bristles actin cytoskeleton antagonists also result in shorter, fatter and branched/clustered structures (Geng et al., 2000; Turner and Adler, 1998) . The resulting effect is similar to that seen in ck mutants, although the drug treatments can produce substantially stronger phenotypes. Treatment with microtubule destabilizing drugs such as vinblastine and colchicine results in a somewhat different spectrum of defects. They slow hair elongation and result in multiple prehair initiation sites but they do not delay hair initiation (Turner and Adler, 1998) . Treatment with these drugs results in dramatically stunted bristles and on occasion split and barbed bristles (Geng et al., 2000) .
Hairs, bristles and denticles are not the only polarized cuticular structures formed by the¯y epidermis. The arista, which is the terminal segment of the antenna, consists of a central core and a series of lateral extensions that are intermediate in size between hairs and bristles. Since the laterals are not innervated they have usually been considered to be analogous to hairs. There is little in the literature on the development of the arista, which has prevented the arista laterals as being used as an additional model cell type for studying the morphogenesis of polarized cell extensions in the¯y epidermis. In this paper we describe the cellular events during the pupal development of the arista. We also report on the effects of cytoskeletal antagonists on lateral morphogenesis. We found the development of the arista involved the elongation of the central core, coordinated cell shape changes, apoptosis, nuclear movement, the formation of a small number of apparently polyploid cells and the outgrowth of the laterals. The growing laterals stain strongly for F-actin and tubulin and the function of both the actin and tubulin cytoskeletons is essential for their normal development. A comparative study of arista development in the larger dipteran Musca domestica (common house¯y) shows that the developmental program is highly conserved between these two species.
Results

Overview of arista morphology
The adult Drosophila arista consists of a central core (labeled C in Fig. 1A ) that is typically around 300 mm long and 10±20 mm in diameter (Foelix et al., 1989) . Laterals (labeled L in Fig. 1A ) extend both anteriorly and posteriorly off of the central core. There are 3±4 long laterals on the anterior side and 5±7 on the posterior side of a typical Drosophila antenna. The length of the long laterals is approximately 140 mm. In addition to the long laterals, 5±7 smaller laterals (about 20±30 mm long) are found on the dorsal side of the central core shaft.
We have carried out a comparative study of arista development in the larger dipteran Musca domestica (common house¯y). The adult house¯y arista differs in several respects from the Drosophila arista (Fig. 1B vs. Fig. 1A ). The housē y arista (over 650 mm) is approximately twice as long and the central core is shaped somewhat differently being much wider at its proximal end (diameter about 80 mm). The Musca arista contains a larger number of both long and short laterals extending off of the central core and large laterals are absent near the distal end of the arista (Fig. 1B). 2.2. Outgrowth of the central core 2.2.1. Cell shape changes
The central core was not obvious at 16 h apf (after prepupae formation), and it was quite short and fat at 18 h apf (Fig. 2) . The central core elongated to reach its ®nal length by around 30 h apf (Fig. 2) . The number of cells around the circumference of the central core decreased dramatically during elongation (compare Fig. 3A with Fig. 3F ) suggesting that the elongation is an example of convergent extension (Fristrom, 1988; Keller, 1985) . The cell boundaries could be seen after staining the actin cytoskeleton using ā uorescent phalloidin or by using an anti-phosphotyrosine antibody (Fig. 3I) . We also observed the cell boundaries in living pupae using a membrane localized GFP (we expressed UAS-GFP-GAP in the arista using the dll-GAL4 driver) (data not shown). During central core elongation we saw a change in the shape of some cells, which became elongated along the proximal distal axis. The change in cell shape was not uniform along the central core, rather the changes affected bands of cells (Fig. 3I) . Around 30 h apf, after the central core has reached its ®nal length cells in the distal part of the central core were on average larger than cells in the proximal part. The apical surface area of the largest distal cells was 5±10 times larger than the smallest proximal ones. Six neurons can be seen within the shaft of the central core by staining with the 22C10 pan neural monoclonal antibody (Foelix et al., 1989; Fujita et al., 1982) . It has been suggested on the basis of morphology that three of these neurons function as thermoreceptors (Foelix et al., 1989; Stocker, 1994) .
Morphogenesis of the central core in the Musca arista is similar to that in Drosophila. The extension of the central core is also accompanied by both a change in cell shape and an apparent decrease in the number of cells around the circumference suggesting convergent extension (data not shown). 
Nuclear movement
Nuclei were seen throughout the central core until around 30 h apf. Over the next 20 h nuclei were progressively lost from the distal half of the central core (Fig. 3A±E ). This loss of nuclei is correlated with the dramatic elongation along the proximal distal axis of the central core cells. The loss of nuclei from the distal half of the central core could be due to a true loss of nuclei, with the cells in this region of the arista becoming anucelate. Alternatively, it could be due to the nuclei migrating to proximal and basal locations in the epidermal cells. This latter hypothesis would require the cells be even more elongated than is obvious from their apical surface. To distinguish between these hypotheses we tracked nuclei marked by GFP (we expressed UAS-GFP-NLS (this transgene encodes a GFP that contains a nuclear localization sequence) in the arista using the dll-GAL4 driver) during the development of individual aristae in living pupae. We found evidence for both nuclear movement and apoptosis at early stages (data not shown). The movement of nuclei was clearest at later stages when the most distal nuclei line up in a single ®le (Fig. 3C±E ). The movement was slow with no changes in position seen during short-term (1±5 min) observations. It remains possible that some cells become anucleate but we did not see evidence for this.
Our experiments on the Musca arista showed that nuclei were also progressively lost from the distal part of the Musca arista. By analogy with the situation in Drosophila we suspect that this is due to migration proximally ( Fig.  3G ,H).
Outgrowth of laterals
The outgrowth of the laterals started at about 30 h apf and proceeded for at least 18 h (Fig. 4A±D ). The more distal laterals initiated ®rst, followed by the more proximally located ones (Fig. 4B) . Around 36 h apf the smaller laterals on the dorsal side of the central core began to be seen (Fig.  4C ). The cells that formed the laterals appeared somewhat larger than their neighbors suggesting the possibility that they were polyploid or polytene (data not shown). More convincing data on this point was obtained from experiments on Musca described below. The initial outgrowth of laterals was marked by the accumulation of actin ®laments on the apical surface of selected central core cells (Fig. 4B) . These actin ®laments were always located close to the distal end of the cell (Fig. 4B) . The lateral producing cells became elevated in the region where the actin ®laments accumulated and where the outgrowth occurred (Fig. 4B) . As the laterals became longer they stained brightly with phalloidin ( Fig.  4B±D ) or tubulin-GFP (UAS-a-tubulin-GFP expression driven by dll-GAL4 driver) (Fig. 4E) suggesting they contained both F-actin and microtubules. We observed that the actin-staining pattern was wider than that of the tubulin staining in these laterals (Fig. 4E) , which suggested that the microtubules were more centrally localized than the actin. Evidence for this was also seen in thin sections examined by TEM. In these sections the microtubules were centrally located and the actin ®laments were located in bundles juxtaposed to the plasma membrane (Fig. 4F,G) . On one side of the lateral the actin bundles were smaller Fig. 4 . Actin and tubulin staining of the Drosophila aristae at different developmental stages and TEM image of their laterals. Panels (A±D) are actin staining (using Alexa-phalloidin). The confocal images were taken at 27, 30, 33, and 36 h apf, respectively. In panel (A), the arrow points to a small cell, and the arrowhead points to a large cell in the central core. The apical surface area of this large distal cell is about 10 times larger than the small proximal ones. In panel (B) two arrows point to two of the cells that form the laterals bulging out from the remainder of the central core. Panel (E) is an overlay of actin (phalloidin, red) and tubulin staining (UAS-atubulin-GFP expression driven by a dll-GAL4 driver, green) of the Drosophila arista. The yellow shows where both actin and tubulin were stained. Note the red staining is wider than green staining, indicating that the microtubule ®laments are more centrally localized. Panel (G) is a TEM image of the cross-section of the Drosophila arista laterals. Panel (F) is a blow-up of the box area in the panel (G). Black dots (see the arrow in panel F) along the plasma membrane in both panels (F,G) are actin ®laments. Small circles (see the arrowhead in panel F) located in the central area are microtubules. Scale bar for (A±D), 50 mm; (E), 22 mm; (G), 0.5 mm. (Fig. 4G, bottom part) . This pattern is quite reminiscent of what is seen in developing bristles (Tilney et al., 1995 (Tilney et al., , 1996 . During lateral extension central core cells underwent further elongation along the proximal distal axis of the core (data not shown).
During arista morphogenesis in Musca lateral-forming cells bulged out from the remainder of the central core and became noticeably larger (Fig. 5A,D,E) . These cells contained larger than normal nuclei (Fig. 3G ) suggesting they were polyploid. As a test of this we estimated DNA content by measuring the amount of DAPI¯uorescence from individual nuclei (Fig. 6) . We found that the integrated DAPI¯uorescence of the large nuclei was 2±4 times greater than that of the small nuclei consistent with the hypothesis that the large nuclei were polyploid. As was seen in Drosophila more distal laterals initiated ®rst. At early times during lateral outgrowth multiple bundles of actin ®laments could be detected (Fig. 5A) . We saw hints of this in confocal images of Drosophila, but it was obvious in the larger Musca cells. At the distal end of the arista the elongation of cells along the proximal distal axis was prominent (Fig.  5E ). Interestingly, a few individual cells in the Musca arista produced two small laterals (Fig. 5D ).
The function of the actin and microtubule cytoskeletons in lateral morphogenesis
To determine the importance of the actin and tubulin cytoskeletons for lateral elongation of the arista we injected inhibitors into pupae a couple of hours prior to lateral initiation and examined the effects both in the adult and in the pupae several hours after injection. We used three different drugs that perturb the function of the actin cytoskeleton (cytochalasin D (CD), latrunculin A (LAT-A), or jasplakinolide (JASPA) (Spector et al., 1999) ), and two different drugs that perturb the microtubule cytoskeleton (vinblastine (VB), or colchicine (COL)). We found increasing responses to increasing inhibitor concentrations (Table 1) , both in terms of the fraction of the aristae showing a phenotype and in the severity of the phenotype. CD, LAT-A or JASPA had similar effects on the lateral development of the arista. At moderate doses these drugs induced shorter laterals, some of which were split (Fig. 7A,B, arrowheads) . The central core of the arista was not noticeably affected under these conditions. At high doses these drugs almost completely eliminated the laterals (data not shown). Inhibitors that antagonized the microtubule cytoskeleton (VB or COL) had different effects from the actin cytoskeleton antagonists. At moderate doses they induced shorter and fatter laterals that were rarely split (Fig. 7C ). Although these laterals were typically fatter over much of their length a common feature was a very thin distal terminal segment. The number of nuclei is plotted as a function of the normalized integrated density. Musca pupae were stained with DAPI around the time of the lateral initiation, and examined by¯uorescence microscopy. Then the integrated densities of the nuclei staining were measured using Scion Image program. They were normalized by dividing¯uorescence measurement of each individual nucleus (either big or small) by the average density of all the small nuclei in the same arista. Bars for big nuclei are white squares, and for small nuclei are black squares.
The central core was also affected and became fatter (Fig.  7C ). This fatter central core could have been due to the inhibition of nuclear migration, which we found in the central cores of injected pupae. At high doses VB or COL could also eliminate the laterals (at these doses the animals were usually killed by the drug).
In addition to examining eclosed adults we also examined the effects of inhibitors at various times after injection. Actin staining of the aristae after drug injections showed that the split phenotype caused by actin inhibitors could be seen soon after the initiation of the laterals (data not shown). We did not see substantial inhibition of nuclear movement in pupae injected with actin antagonists. On the other hand, we did see a marked slowing of nuclear movement in pupae injected with microtubule antagonists (this was done by DAPI staining after drug injections) (data not shown). This is consistent with our observations on adult arista, where we found the shape of the central core was relatively normal after treatment with actin inhibitors, but it was shorter and fatter after treatment with microtubule inhibitors (Fig. 7) . We also found that the low doses of CD and VB delayed the initiation of the laterals for several hours (Fig. 8) . The delay was substantially longer for CD. VB also slowed the rate of lateral elongation. At the low dose tested CD did not noticeably slow lateral elongation. However, when a relatively higher dose of LAT-A was used we found both a delay in initiation and a slowed rate of elongation (Fig. 8) . Our results argue that both the actin and microtubule cytoskeletons are important for lateral morphogenesis.
Apoptosis plays an important role in arista morphogenesis
The abnormal nuclei of apoptotic cells were detected throughout the central core from 26 to 32 h apf by acridine orange (AO) staining (Fig. 9A,B) . These condensed brightly staining nuclei could also be detected in DAPI stained preparations and in living pupae when a nuclear localized GFP was expressed in the arista with a dll-GAL4 driver (data not shown). Throughout this period 10±15% of the central core nuclei showed the apoptotic morphology. This fraction decreased after 32 h apf, and after 39 h apf apoptotic nuclei were not routinely seen in the central core (Fig. 9C) . Apoptotic nuclei were also seen in the developing Musca arista, but they appeared to be relatively less frequent (data not shown).
It was not surprising that apoptotic cells were seen frequently in the central core as mutations in the thread (th) gene cause a loss of laterals (Fig. 9D) and th has been shown to encode an inhibitor of apoptosis (Hay et al., 1995) . When we examined th arista we did not see an increase in the number of apoptotic cells but we saw an increase in the fraction of apoptotic cells. This was due to a decreased number of nuclei in th central cores (Fig. 9I, t1 and t2 ) (ztest, P , 0:001). One possibility is that th cells undergo apoptosis more rapidly so that the total number of cells lost is increased without increasing the number of apoptotic cells at any time. Alternatively it is possible that apoptosis is not restricted to a short period during arista development in th mutants resulting in a decrease in the number of central core cells. Consistent with this latter hypothesis we saw evidence of apoptotic cells in th aristae at later stages (after 45 h apf) than in wild type (data not shown). As an independent test that altered cell number could alter the morphogenesis of laterals we directed the expression of the anti-apoptotic P35 protein (Hay et al., 1995) in the arista. This was done using a UAS-p35 transgene in combination with either a dll-GAL4 driver (Cohen et al., 1989) or a hs-GAL4 transgene (these animals were heat shocked). Both of these treatments resulted in a decrease in the fraction of apoptotic cells consistent with the known activity of P35 (Fig. 9I, p1 and p2 ) (z-test, P , 0:001). Both treatments also resulted in an increase in the number of the smaller laterals coming off of the central core (Fig. 9F,G) . Interestingly, this resulted in a central core that resembled the Musca central core (Fig. 9H) . Consistent with this observation the fraction of apoptotic cells appeared lower in Musca aristae (data not shown).
Discussion
The morphology of the arista is dramatic as it is composed of a series of long thin members. This seems likely to be of functional importance. Evidence has recently been presented that the arista functions in the detection of sound. It is thought that the arista is de¯ected by sound vibrations and this de¯ection results in the movement of the third antennal segment and this is detected by sensory neurons in the second antennal segment (Eberl et al., 2000) . There are also six neurons present in the central core and these send processes distally through the hemolymph ®lled lumen of the thin central core (Foelix et al., 1989) . Based on morphology it has been suggested that three of these function as thermoreceptors (Foelix et al., 1989) . For both of these functions the long thin morphology of the arista seems appropriate, although further research will be necessary to obtain rigorous evidence on this point.
The dramatic morphology of the arista is likely to have put constraints on the developmental mechanisms involved in its morphogenesis. Our studies show that the development of the epidermal arista involves a number of different types of cellular processes. The shaping of the central core appears to take place in two steps: extension and thinning. The arista is ®rst seen as an outpocketing of cells from the third antennal segment. This outpocketing elongates over about a 12-h period to reach its maximal length. In our experiments we have not seen any evidence of cell division in the elongating arista suggesting that cell number is constant during this process. The elongation results in a greatly reduced number of cells along the circumference at all locations along the proximal distal axis of the central core. Hence, arista elongation appears to be an example of convergent extension (Fristrom, 1988; Keller, 1985) . The elongation of the arista differs from the eversion of the appendages such as the leg and wing in that it happens in the pupae and not the prepupae. The ability to image at the cellular level the elongating arista in living pupae suggests that it could be used as a new tissue system for studying convergent extension in¯ies.
The elongation of the arista laterals starts after the central core reached its ®nal length. At this time nuclei start to disappear from the distal half of the arista. From our timelapse observations we argue that this is due in large part (or entirely) to the proximal migration of nuclei. During this time period the cells become elongated at their apical surface and the extent of nuclear movement suggests that the elongation might be more extreme basally. The migration of the nuclei allows the central core of the arista to become much thinner and we suggest that this is important for the physiological function of the arista. Consistent with Fig. 8 . The outgrowth of the laterals of wild type and drug injected Drosophila aristae as a function of time. The de®nition of the lateral growth is the average length of the three posterior laterals near the proximal end of an arista divided by the length of the central core of the arista. Three inhibitors were used in this experiment: cytochalasin D (CD), latrunculin A (LAT-A) and vinblastine (VB). All were injected into 28 h apf pupae. In pupae injected with phosphate buffer saline the laterals initiated around 30 h apf (circles). When we injected 100 mM CD (squares) or 200 mM VB (triangles) initiation was delayed for about 3 h. When 1 mM LAT-A (diamonds) was injected the time of lateral initiation may have been delayed even further. For some time points the error bars are smaller than the symbols and they are not visible. this hypothesis nuclear movement was inhibited by the injection of microtubule antagonists, which resulted in a thickened central core. Evidence for nuclear migration was also seen during the development of the house¯y arista.
Starting shortly before the beginning of lateral outgrowth apoptosis is seen in the central core. This results in a decrease in the number of cells in the arista and our data argue that this is important for arista morphogenesis. We manipulated cell number by genetic means and found that increasing cell number (by decreasing apoptosis) resulted in the formation of ectopic laterals, while decreasing cell number (presumably by increasing apoptosis) resulted in a loss of laterals. How cell number alters the cellular decision to make or not make a lateral is unclear, but it is likely that there is an intercellular signaling system that allows cells to assess arista cell number or whether their neighbors have made a lateral. This system appears to be one that evolution has used to select for altered arista morphology. The housē y arista central core is thicker than its Drosophila homolog and it is decorated with a large number of short laterals that are reminiscent of those seen when apoptosis is inhibited in Drosophila. It is not clear why dipterans have evolved a developmental program that produces extra arista cells that are lost due to apoptosis. One possibility is that it is a consequence of the very long and thin morphology of the arista. Perhaps the extra cells are needed to allow convergent extension to produce an arista of suf®cient length. The subsequent apoptosis, nuclear migration and proximal/distal elongation of the remaining cells could all function to allow the central core to achieve its long thin shape.
The development of the arista and in particular the laterals involves dramatic shape changes in cells. Not surprisingly the developing laterals stain very strongly for F-actin and also contain microtubules. The actin and microtubule cytoskeletons appear to have overlapping but distinct functions in the development of the laterals. Antagonism of either cytoskeleton by injecting inhibitors into pupae results in delayed initiation of lateral outgrowth, slowed lateral elongation and split laterals. These effects are similar to the effects that the same inhibitors have on the morphogenesis of hairs and bristles, which are other examples of Drosophila epidermal cells that form highly polarized outgrowths (Wong and Adler, 1993; Tilney et al., 1995) . Some differences were seen in the effects of actin versus microtubule inhibitors. The actin cytoskeleton antagonists are more potent at delaying lateral initiation and in causing split laterals. Microtubule antagonists are relatively more potent at inhibiting lateral extension and the thinning of the central core. Several of these observa- Fig. 9 . Apoptosis in morphogenesis of the arista. Panel (A±C) are acridine orange (AO) staining of Drosophila aristae at 26, 30 and 36 h apf, respectively. Apoptosis is seen prior to and during the earlier stages of lateral outgrowth. Apoptosis is rare after 32 h apf and not seen after 39 h apf. Panel (D) is a thread (th) mutant arista. The outgrowth of the laterals is inhibited in th mutant. Panel (E) shows the central core of a wild type Drosophila arista. It is not covered by small laterals. When a dll-Gal4 (panel F) or hsGal4 (panel G) was used to drive the expression of an UAS-p35 transgene in Drosophila, it resulted in the formation of large numbers of ectopic smaller laterals decorating the central core. This resembled what is seen in wild type Musca (panel H, only shows a part of the central core) in both cases. In panel (I), the numbers of total nuclei and apoptotic nuclei in the central core of the Drosophila arista in different genotypes are compared. The numbers of nuclei were counted within the distal half of the arista central core around 30 h apf. w1, t1 and p1 refer to the numbers of total nuclei from wild type animal, th mutant and the animal expressing P35 protein under a hs-GAL4 driver, respectively. w2, t2 and p2 are the numbers of apoptotic nuclei from these animals. The number of total nuclei from th mutant is signi®cantly smaller than the other two numbers of total nuclei (z-test, P , 0:001). The number of apoptotic nuclei from P35 expressed animal is signi®cantly smaller than the other two numbers of apoptotic nuclei (z-test, P , 0:001). Scale bar for (A±C), 30 mm; (D), 50 mm; (E±H), 25 mm.
tions are reminiscent of observations made previously on bristles and hairs. Inhibitors of actin polymerization are potent at causing split bristles and hairs, while this is a minor effect of microtubule cytoskeleton antagonists (Geng et al., 2000; Turner and Adler, 1998) . Similarly, actin polymerization inhibitors are potent at delaying prehair and prebristle initiation, while microtubule antagonists are not (Geng et al., 2000; Turner and Adler, 1998) . Finally, microtubule antagonists are particularly potent at inhibiting the elongation of bristles (Geng et al., 2000) . These similarities in the effects of cytoskeleton inhibitors suggest parallel functions for the actin and microtubule cytoskeletons in the morphogenesis of all three of these polarized cells. The strikingly similar arrangement of actin bundles and microtubules in bristles and laterals also points to equivalent functions for the cytoskeleton in the morphogenesis of these cell types. These commonalties are also supported by analogous phenotypes produced in all of these cell types by mutations in some genes (e.g. trc; Geng et al., 2000) .
This work shows that the arista laterals can serve as an excellent cell type to examine the morphogenesis of cellular outgrowths in Drosophila. In fact, the laterals have several advantages over hairs and bristles for such studies. They are more sensitive than either hairs or bristles to perturbation by inhibitors and, in some cases, mutations. The arista laterals resemble hairs in not being innervated. However, they are substantially larger than typical hairs providing potential advantages for microscopic studies. Also, the antenna is located at the extreme anterior end of the animal, thus enhancing the ability for in vivo imaging. We took advantage of this in our time-lapse observations of nuclear migration and cell shape changes.
Experimental procedures
Fly strains
Oregon R¯ies were used as the wild type for Drosophila. House¯ies (Musca domestica) were obtained from Skipio's (Tillamook, Ore), a bird food supplier. A number of¯y stocks including th mutants, Gal 4 drivers and UAS transgene containing stocks were obtained from the Drosophila stock center at Indiana University (Bloomington, Indiana). The UAS-a-tubulin-GFP stock was kindly provided by Allan Spradling. Fruit¯ies were grown on standard media, and house¯ies were grown on house¯y media from Carolina Biologicals.
Cytological procedures
Standard techniques were used. In most experiments pupae were ®xed in phosphate buffered saline supplemented with 8% paraformaldehyde. Actin staining was done using Alexa 568 phalloidin (Molecular Probes) as described previously (Wong and Adler, 1993) . Antibody (anti-phosphotyrosine or anti-b-tubulin) staining was described by Turner and Adler (1998) DAPI staining for nuclei and acridine orange staining for apoptotic cells were also described previously (Abrams et al., 1993) .
Microscopy
Confocal images were obtained using a BioRad confocal microscope at the Keck Center for Biological Imaging at the University of Virginia. Other images were obtained using a Spot digital camera (National Diagnostics) on a Zeiss Axioskop microscope. For measurement of arista lateral length, digital images of phalloidin stained aristae from carefully timed pupae were obtained with a Spot camera (National Diagnostics) under the same magni®cation and then the images were opened in Adobe PhotoShop under the same display size. The ruler tool was used to measure the lengths of arista laterals and central core. Excel (Microsoft) was used to analyze the data (calculating means, standard deviation, and plotting). For observation of nuclear migration in living pupae, pupae were washed, and then dried in the air. They were then attached to microscope slides ventral side up by either double-stick tape or super glue. Pupal cases were opened anteriorly. At various time points they were examined by¯uorescence microscopy in a drop of water using a water immersion objective. After observation water was removed from the slides and the pupae were then kept in a humid chamber for further development and observations.
Transmission electron microscopy
Pupae were ®xed with a ®xative containing 2% glutaraldehyde, 2% p-formaldehyde in 0.05 M phosphate buffer, pH 6.8 for 2 h at RT. Then the pupal heads were dissected in the same ®xative. The pupal heads were placed in 2% OsO 4 in 0.05 M phosphate buffer, pH 6.2 for 1 h at 48C. This second ®xation was followed by dehydration in ethanol and embedded in Epon. Thin sections were cut with a diamond knife, stained with 4% uranyl acetate for 10 min and then lead citrate for 5 min. The sections were examined with a Philips EM 200 electron microscope (Philips Technologies, Cheshire, CT). TEM images were obtained at the Central EM Facilities at the University of Virginia.
Inhibitor injections
Aged pupae were washed, dried and then attached to a microscope slide with double stick tape. The pupal case was opened up anteriorly and inhibitor solutions injected with a ®ne glass pipette. Pupae are internally under positive pressure and this often leads to material leaking out and contributes to the varying response of pupae to the inhibitors. To assess the volume injected we did control experiments where we injected radioactive buffer. We found we injected on average 3.1 nl (SD 2.9). Despite variation in the amount injected we were able to see increasing responses to increasing inhibitor concentrations. In every experiment control buffer injections were done. After buffer injection into Oregon R we had 98.6% viability to adulthood with little or no morphological defects. Cytochalasin D, vinblastine, and colchicine were obtained from Sigma (St. Louis). Latrunculin A and jasplakinolide were obtained from Molecular Probes (Eugene, OR).
Scoring of arista phenotypes
Adult aristae were mounted in Gary's Magic Mountant (Ashburner, 1989) and examined under bright ®eld microscope.
Statistical analysis
The z-test program in Microsoft Excel was used for comparing different genotypes or treatments.
